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Q ! ABSTRACT 

|H ' We report on the AAT- AAOmega LRG Pilot observing run to establish the feasibility 

C/3 I of a large spectroscopic survey using the new AAOmega instrument. We have selected 

Luminous Red Galaxies (LRGs) using single epoch SDSS riz-photometry to i < 20.5 
and z < 20.2. We have observed in 3 fields including the COSMOS field and the 
^ ; COMBO-17 Sll field, obtaining a sample of -600 redshift z > 0.5 LRGs. Exposure 

^ ' times varied from f - 4 hours to determine the minimum exposure for AAOmega to 

I make an essentially complete LRG redshift survey in average conditions. We show that 

CO . LRG redshifts to i < 20.5 can measured in Ril.5hr exposures and present comparisons 

■ with 2SLAQ and COMBO-17 (photo-)redshifts. Crucially, the riz selection coupled 
CO I with the 3-4 x improved AAOmega throughput is shown to extend the LRG mean 
t:;;}-' ! redshift from z=0.55 for 2SLAQ to z = 0.681 ± 0.005 for riz-selected LRGs. This 

' extended range is vital for maximising the S /N for the detection of the baryon acoustic 

, oscillations (BAOs). Furthermore, we show that the amplitude of LRG clustering is 

■ So = 9.9 ± 0.7 Mpc, as high as that seen in the 2SLAQ LRG Survey. Consistent 

results for this clustering amplitude are found from the projected and semi-projected 
correlation functions. This high amplitude is consistent with a long-lived population 
whose bias evolves as predicted by a simple "high-peaks" model. We conclude that a 

5^ I redshift survey of 360 000 LRGs over 3000 deg^, with an effective volume some 4x 

bigger than previously used to detect BAO with LRGs, is possible with AAOmega in 
170 nights. 

Key words: galaxies - luminous red, surveys: clustering - large-scale structure: evo- 
lution - clustering. 
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1 INTRODUCTION 

Large-scale structure (LSS) studies are one road into in- 
vestigati ng "Dark Energy" (DE) and its potential evolu- 
tion ( e.g. iBlake fc Glazebrookll2003l : ISeo fc EisensteinlbOOl 
I2OO5I . l2007l : lAngulo et al.l|200^ . This has been powerfully 
demonstrated by recent results from the Luminous Red 
Galaxy (LRG) Sloan Digi tal Sky S urvey (SDS S), (e.g 



Eisenstein et al. II2OO5; Tcg mark et al.l 12006: Percival et al.l 
200ziS~anr7ndeed the 2dFGRS (|Cole et al.l |2005^ . Lu- 



minous Red Galaxies (LRGs) are predominantly massive 
early-type galaxies and are intrinsically luminous (> 3L*) 
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llEisenstein et all l2003l : iLoh fc Strausg I2OO6I : IWake et all 
[200^. They are strongly biased objects, having values of 
fe ~ 2, l|Padmanabhan et al.ll2007l ) where b is the linear bias 
and relates, in the linear regime, the underlying mass density 
distribution to that of the luminous tracers via 5g — bSm- 
As such and coupled to their very clean and efficient selec- 
tion, LRGs are excellent tracers of large-scale structure an d 
can be used as c osmol o gical probes. lEisenstein et al.l ll2005h , 
iTegmark etHI (l2006l).lHiitsil (|2006l ). iPercival et al.1 (|2007al ) 
and Percival et al. I (|2007bl ) use positions and spectroscopic 
redshifts from the SDSS LRG Survey in order to accurately 
measure the correlation function and the Power Spectrum. 
Specifically, a detection of the baryon acoustic oscillations 
(BAOs) in the galaxy distribution is made. BAOs in the 
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Field Name 


R.A. (J2000) 


Dec (J2000) 


No. of exposures 


Average seeing(") 




Avera 


ge airmass 


COSMOS 


lOh 00m 28.6s 


02d 12m 21.0s 


0+7+0+6+0 


- 2.0 - 3.0 - 




1.39 


1.27 


COMBO-17 Sll 


llh 42m 58.0s 


-Old 42m 50.0s 


2+6+4+0+9 


2.0 1.8 1.7 - 1.9 


1.15 


1.19 


1.21 - 1.19 


2SLAQ d05 


13h 21m 36.0s 


-OOd 12m 35.0s 


8+0+0+5+0 


1.9 - - 1.6 - 


1.22 




1.19 - 



Table 1. The 3 AAOmega LRG Pilot fields. The fourth column gives the number of 1200 second exposures on the 5 consecutive nights 
of the pilot run, 03 March 2006 through 07 March 2006. Note that the 9 exposures taken in the Sll field on the night of 07 March 2006 
targeted objects which had a z-band magnitude selection of 19.5 < z < 20.2. 



galaxy distribution are caused by sound waves propagating 
through the baryon-photon plasma in the early {z > 1100) 
Universe. At recombination, these sound waves are "frozen" 
into the distribut ion of mat ter at a preferred scale (see e.g. 
Eisenstein fc HtJllQ QS: Meik sin et al.lll999l : lYamamoto et all 



20061 : lEisenstein et al.il2007i . for further BAO details). With 



measurements of the BAOs now starting to appear feasible, 
there is a push to carry out large galaxy surveys at higher 
redshift, with the primary goal of tracking the evolution of 
dark energy and the related equation of state parameter, 
■woe{z), over cosmic time. As such, several new galaxy red- 
shift surveys have been proposed. One possibility is to use 
the AAOmega spectrograph at the AAT to make a spectro- 
scopic redshift survey of high redshift LRGs based on both 
SDSS Equatorial imaging, as well as new imaging from the 
2.6m VLT Survey Telescope (VST). AAOmega retains the 
fibre-fed multi-object capability across a wide field-of-view 
from the old 2dF instrument but the top-end spectrographs 
have been replaced with a new single b ench mounte d spec - 
trograph, with a red and a blue arm. ISharp et al.l (|2006l l 
gives complete instrument details. In this paper we present 
the results from an AAOmega LRG redshift survey. Al- 
though the primary driver for this survey is as a "Pilot" 
study to investigate the nature of dark energy at high red- 
shift via the BAOs, there are also several other areas of inter- 
est. By comparing clustering results at 1 < r < 10 Mpc 
scales from low {z < 0.4), intermedia te (z = 0.55), and 
high (z ~ 0-7), redshift LRG studies (|Zehavi et al.1 l2005l : 
IRoss et^I]l2007l . and this study respectively) we can begin 
to learn about the formation and evolution of the most mas- 
sive galaxies, and hence, potentially the most massive dark 
matter haloes, from high redshift. 



The layout of the paper is as follows. In Section 2 we 
describe the selection criteria used to select our high red- 
shift LRGs. In Section 3 we give a brief overview of the 
instrument set-up used and report on the redshift statis- 
tics for our survey, including example spectra. In Section 4 
we present our clustering results and in Section 5 we dis- 
cuss our results in the context of other recent results using 
a simple Halo Occupation Distribution (HOD) model. We 
conclude in Section 6. We assume a flat ACDM cosmology, 
with (fim, Oa) = (0.3,0.7) throughout, unless otherwise ex- 
plicitly stated. We quote distances in terms of Mpc, 
where h is the dimensionless Hubble constant such that 
Ho = 100^ km s-i Mpc-\ 



2 SDSS LRG SELECTION 

At its heart the AAOmega LRG Pilot relies on single- 
epoch photometr ic data from the SDSS l|York et al.l l200(il : 
lOunn et al . 2006) to provide targets for the recently commis- 
sioned AAOmega instrument on the 3.9m Anglo- Australian 
Telescope (AAT). 

The target selection was designed to select high-redshift 
LRGs out to z ~ 1 with a mean redshift of z ~ 0.7. Using 
the S DSS Data Release 4 (DR4; lAdelman-McCarthv et al.l 
l2006h . we extracted photometric data for objects classified 
as galaxies. Three different selections were then applied to 
the downloaded data, with the selections being designed to 
recover a target sky density of ~ 90 objects per square de- 
gree. 

First, we repeat the gri-band based selection that was 
used in the 2SLAQ LRG Survey. We will not repeat the full 
selection criteria here (the reader is referred to lCannon et al.l 
(2006) for further details) but note that LRGs are selected 
in the {g — r)-{r — i) colour-colour plane with 17.5 < idov < 
19.8, where idev is the i-band de Vaucouleurs magnitude. 

Now with the aim of measuring significantly higher red- 
shifts than the 2SLAQ LRG Survey (z2Slaq = 0.55), two 
further selections were carried out, this time in the (r — i)- 
{i — z) colour-colour plane. The first riz-selection had ob- 
jects in the magnitude range 19.8 < idov < 20.5, while 
the second riz-selection had objects in the magnitude range 
19.5 < z < 20.2 whe r e z is the SDSS "Mod el" magnitude 
iFukugita et al.l Il996l : IStoughton et al.ll2002l ). These mag- 
nitude ranges were based on experience gained from the 
2SLAQ LRG Survey as well as the expected performance of 
the new AAOmega instrument, such that LRGs with a sig- 
nificantly higher redshift than the previous survey could be 
selected and observed in a relatively short exposure (~ 1.5 
hours). Within these two riz-band selections, objects were 
assigned different observational priorities. The line "e||"was 
de fined (continuing on from, but not directly related to cn 
in lEisenstein et all (l200lh and d|| in (jCannon et aLlbOOeh ). 
as 

9, 



(i - z) + -(r - i) > 2.0. 



(1) 



and is used to define a boundary in the riz-plane. (All 
colours reported here, such as those given in Equation [T] 
are again based on "Model" magnitudes). A higher priority 
riz-plane cut was imposed with 



0.5 <{r-i)< 1.8, 



0.6 < (i 



< 1.5, 



en > 2.0. 



(2) 
(3) 
(4) 
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The lower priority cut has 

0.2 < {i~ z) < 0.6 

x< {r-i) < 1.8, 



(5) 

(6) 



0.5 1 1.5 
" • " I-" " I " 



where x was the smaller of ey and 1.2 at the given {i — z). 
These cuts can be seen in Figure [T] where the two priorities 
are shown by the regions marked A and B. The two evolu- 
tionary tracks in Figure [J the stellar p opulation synthesis 
code based on lBruzual fc Charlod ()2003l ^ . The solid line be- 
ing a "single burst" model, where star formation occurs in 
a single instantaneous burst at high redshift and then has 
the stellar population evolving passively. The dashed line on 
the other hand is based on a model with continuous star for- 
mation, with the timescale of star formation given as r = 1 
Gyr, where r is a decay constant in that the star formation 
rate (SFR) is oc ex p~*'^'^. Both models assume a Salpeter 
IMF (ISalpeteiillQsH ') with solar metallicity and a galaxy for- 
mation redshift of Zform = 10. The evolutionary tracks start 
near (r — i) = (i — z) = 0.4 for zero redshift, turn upwards 
near {r — i) — 1.3 corresponding to redshift z = 0.7 and 
then turn down again near (i — z) ~ 1.1 corresponding to 
redshift z — 1.0. These turning points correspond to the 
Call U+K 4000A break moving into the i- and z-bands 
respectively. The solid circles show the colour evolution at 
redshift z =0.0, 0.5, 1.0 and 1.5. 



3 AAOMEGA SPECTROSCOPY 
3.1 Observational Details 

Observations were made on the nights of 03 March 2006 to 
07 March 2006 inclusive; the first three nights were Dark 
nights, the last two were Grey nights. Of these nights, a 
total of ~ 2 were lost to cloud and seeing was frequently 
poor on the others (see Table [TJ . We observed in 3 fields, 
with a total area of ~ 10 deg^ including the COSMOS field 
JScoyille et al.ll 2007h , the COMBO-17 Sll field (.Wolf et al., 
l2003l) and a previou sly observed 2SLAQ Survey field, d05 
llCannon et al booel ). the coordinates of which are also given 
in Table [1] For reference, the COSMOS Survey has an area 
of 2 deg^ the COMBO-17 Sll field is 0.26 deg^ in coverage, 
while the 2SL AQ LRG Survey ha s an efi'ective area of 135 
deg^ (Sec. 7.2. ICannon et al.ll2006l ). 

All data were taken with the same spectrograph set-up. 
The 5700A dichroic was used. For the red arm spectrograph 
the 385R grating was centred at 7625A; for the blue arm 
spectrograph the 580V grating was centred at 4800A. How- 
ever, no blue arm data was used in our analysis as the S /N 
was low, as expected for red galaxies. 

Data reduction was performed using the 2dF da ta re- 
duction pipeline software, 2df dr (|Bailev et al.l |2005| ) and 
the redshifts were derived using Zcode devel oped by Will 
Suth erland and others for the 2dFGRS Survey (|Colless et al.l 
l200l) . and references therein). The modifications to Zcode 
originally made for the higher redshift 2; ~ 0.5 galaxies in 
the 2SLAQ LRG Survey were retained. The final catalogue 
from the AAOmega LRG Pilot contains 1270 unique galaxy 
spectra with 804 objects having reliable "Qop > 3'lj red- 



"Qop" represents an integer redshift quality flag assigned by 




Figure 1. The selection of 2 ~ 0.7 LRGs using the SDSS riz- 
bands. The (red) dots are objects with confirmed spectroscopic 
redshifts for both the 19.8 < idoV < 20.5 and 19.5 < z < 20.2 
magnitude selections. The tracks are Bruzual & Chariot models, 
details given in the text with the solid (cyan) line being a "single 
burst" model and the dashed (magenta) line having being a t=1 
Gyr model. The diagonal lines are ey = 2.0. The area labelled 
"A" in the top right redshift 2 < 0.5 panel gives the colour-colour 
space for the higher priority sample, while area "B" is for the 
lower priority sample. 



shifts, see Table [S] Of these, 217 objects had M-type stel- 
lar spectra leaving 587 high-redshift LRGs. The COSMOS 
field contributed 156 LRGs out of 321 obtained spectra, the 
2SLAQ d05 field 177/345 and the Sll field 254/604. The 
greater number of spectra obtained in Sll was due to the 
fact that objects in the field were targeted not only with the 
19.8 < i < 20.5 selection but also with the 19.5 < 2 < 20.2 
2:-band selection. 

We present the catalogue for the first 40 objects in as- 
cending RA in Appendix A, with the entire catalogue to be 
published online with the publication of this paper. In the 
next Section we report in more detail on the properties of 
the high-redshift LRGs. 



visual inspection of the galaxy spectrum and the redshift cross- 
correlation function. A value of 3 or greater represents a > 95% 
confidence that the redshift obtained from the spectrum is valid. 
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Field 




COSMOS 






COMBO-17 Sll 






2SLAQ d05 




Survey 


Selection 


gri 


i < 20.5 


all 


gri 


i < 20.5 


z < 20.2 


all 


gri 


i < 20.5 


all 


total 


Spectra Obtained 


98 


223 


321 


70 


262 


271 


603 


68 


278 


346 


1270 


Qop > 3 


71 


129 


200 


61 


163 


143 


367 


57 


180 


237 


804 


LRGs 


67 


89 


156 


55 


119 


80 


254 


50 


127 


177 


587 



Table 2. Redshift Statistics for the AAOmega LRG Pilot Run. These statistics are for the total exposure times as given in Table 1. 



LRG Sample/ Field (Seeing) 


d05 {l."6) 


Sll {l."8) 


COSMOS (2."1) 


gri i < 19.8 (2SLAQ) 


88 ± 19 


70 ±22 


64 ±24 


riz 19.8 < i < 20.5 


84 ± 13 


60± 11 


50 ±9 



Table 3. LRG percentage redshift completeness rates (Qop > 3) as estimated for ~ 80 unfringed fibres between fibres 200-299 in a 1.67hr 
exposure (stars excluded). Better observing conditions (d05) yield completenesses consistent with 2SLAQ. Poorer observing conditions 
(Sll and COSMOS) yield lower completeness. The COSMOS data had average airmass 1.4 plus some cloud, as well as poorer seeing. 



3.2 Redshift Completeness 

The LRG redshift completeness statistics for each field can 
be calculated from Table [2]for the full, ~ 4 hour, exposures 
and are given in Table |3] for a subset of data using 1.67 hour 
exposures. Our overall completenes s was relatively low, com- 
pared to the 2SLAQ LRG Survey (jCannon et al.ll2006l '). but 
one of the main reasons for this wEis due to the several tech- 
nical issues associated with the new AAOmega instrument, 
which have since been corrected. When checks were made 
on the d05 field, we found that the redshift completeness 
rates for our riz, 19.8 < idov < 20.5 targets as estimated 
from ~ 80 "unfringed" fibres were 90 ±9% in Ri4 hour expo- 
sures, 84 ± 13% in 1.67 hour exposures in l."6 seeing. Thus, 
using the full number of sub-exposures we found no signif- 
icant increase in redshift completeness compared to a 1.67 
hour exposure, although this may still be due to conditions 
varying within the 3 hour exposure time. But our general 
conclusion is that with reasonable seeing and transparency, 
we achieve 85-90% redshift completeness in a 1.67 hour ex- 
posure. We show a selection of spectra from the subset of 
data taken in the d05 field in Figure [5] The top six panels 
show spetra of confirmed, Qop > 3 LRGs, with ranging mag- 
nitudes and redshifts, including a high redshift confirmed 
LRG at 2 ~ 0.9. The second bottom panel shows an uncon- 
firmed, Qop < 3, spectrum, while the bottom spectrum is 
for a confirmed M-star. The improved AAOmega through- 
put and sky subtraction enables us to work further into the 
near-infrared, allowing us to probe higher redshifts. Note 
the prominent Call H+K 4000A break appears in all the 
confirmed spectra, as expected for an old stellar population. 

We also confirmed that the exposure time needed to ob- 
tain reliable redshifts of LRGs selected in the same manner 
as the 2SLAQ survey (using a jrri-band, i < 19.8 selection) 
was cut by a factor of ~ 4 from the old 2dF instrument. 
We note from Table 3 that at least in the more reasonable 
observing conditions for the d05 field that the completeness 
of the 1.67hr LRG sample is consistent with the high, 90%, 
completeness achieved for 2SLAQ LRGs. 



400 
200 


400 
200 


400 
200 


200 

100 

£2 
a 

o 400 
U 

200 


400 
200 


200 
100 


400 
200 





q = 3, z = 0.5027, m. = 19.75 



-_q = 3,z = 0.6095, m- = 20.42 r 




q = 2, z = 0.8342, m- = 20.13 



— \ 1 1 \ 1 \ 1 \ 1 \ H 

q = 3, z = 0.0002, m. = 19.69 




6000 7000 8000 

Wavelength (A) 



Figure 2. Examples of typical AAOmega spectra in 1.67hr expo- 
sures, from the riz selected, 19.8 < i < 20.5 LRG sample. The top 
six panels show spetra of confirmed, Qop > 3 LRGs, with rang- 
ing magnitudes and redshifts. The second bottom panel shows an 
unconfirmed, Qop < 3, spectrum, while the bottom spectrum is 
for a confirmed stellar source. 
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Figure 3. The N{z) of Qop > 3 LRGs from the AAOmega LRG 
Pilot Run, showing that 0.5 < z < 0.9 can be readily selected 
using SDSS riz photometry. The dotted (blue) histogram shows 
the distribution for the idoV < 19-8 gri-selection, while the solid 
(red) and the dashed (cyan) histograms show the riz selections 
with 19.8 < ideV < 20.5 and 19.5 < z < 20.2 respectively. We 
also plot the polynomial fit (red line) that is used to model the 
N{z) distribution for the riz, 19.8 < idcV < 20.5 selection in 
Section 4.2. 



0.5 



I 

m 

CL, 



I ™ '-'s 



□ x D lit t □ nn™ ° 

n LRGs 
* M stars 



_L 



_L 



_L 



18 18.5 19 19.5 20 20.5 
z-band magnitude 

Figure 4. Star-Galaxy Separation using SDSS z-band magni- 
tudes. All objects with Qop > 3 and 19.8 < idcV < 20.5 
are shown, with objects having stellar spectra plotted as (red) 
stars and objects having high-redshift LRG spectra plotted as 
(black) open squares. The ordinate gives the difference between 
the "PSF" and "Model" z-band magnitudes as given from the 
SDSS DR4 imaging. 



3.3 Redshift Distribution 

The raison d'etre of the AAOmega LRG Pilot run was to test 
if we could readily select « ~ 0.7 LRGs using single-epoch 
SDSS riz-photometry. As can be seen in Figure [S] where 
we plot the redshift distributions for confirmed Qop > 3 
LRGs, this proved feasible. The mean redshift of our 19.8 < 
idcv < 20.5 magnitude sample was z = 0.681 ± 0.005, with 
a strong tail out to redshift z = 0.8 and indeed some ob- 
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Figure 5. COMBO-17 photometric rcdshifts vs. AAOmega spec- 
troscopic redshifts. The solid line is the 1:1 relation. The insert 
shows the histogram of Az = Zspoc — Zpi^^t for AAOmega and 
COMBO-17 redshifts respectively. 



jects a,t z = 0.9. We found that there was no major dif- 
ference between the samples with different priorities (areas 
"A" and "B" in Figure [1} . Also shown in Figure [T] are the 
riz-band colours for the objects with spectroscopically con- 
firmed redshifts. When the magnitude limits applied were 
changed from 19.8 < idev < 20.5 to 19.5 < z < 20.2, the 
mean redshift increased to z — 0.698 ±0.015. The mean red- 
shift for our pri-band, 17.7 < idcv < 19.8 selection was very 
comparable to the 2SLAQ LRG Survey at z = 0.578± 0.006. 

However, since we found that even though we were 
able to obtain LRG spectra for z < 20.2 objects from 
SDSS single-epoch imaging (and get the increase in red- 
shift one might expect based on galaxy colours from evolu- 
tionary models), we find that the completeness of this sam- 
ple dropped significantly and longer, > 2 hours, exposures 
would be required in order to obtain Qop > 3 redshifts. 
This is not surprising considering that with a, z < 20.2 mag- 
nitude limit, we are selecting objects with idcv ~20.8 given 
a (i — 2) colour of ~0.6 (as seen in Fig. 1). Thus for the 
remainder of this analysis, and the eventual strategy for 
a large LRG-BAO Survey, we only consider objects with 
19.8 < idcV < 20.5. 

As can be seen from Table[2l a significant fraction (27%) 
of our Qop > 3 objects were M-type stars. However, as 
shown in Figure 3] a posteriori checking shows that we can 
reject 40% of these stars using a star-galaxy separation in 
the z-band, rather than the standard SDSS separation per- 
formed in the r-band. The stellar contamination drops to 
16%, with very few high-redshift galaxies being lost. Em- 
ploying near-IR imaging data, specifically a. J — K > 1.3 cut, 
would dramatically reduce the stellar contamination further, 
to the levels of a few percent. 



3.4 2SLAQ, COMBO-17 and AAOmega 
Comparison 

In Figure[S]we show a comparison between the spectroscopic 
redshifts we recorded from our AAOmega observations and 
those measured photometrically by the Classifying Objects 
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Field Name R.A. (J2000) DEC (J2000) 



1 10 
S(arcmins) 



100 



Figure 6. The AAOmcga LRG Pilot angular correlation func- 
tion, w{d), is given by the solid (blue) triangles. 2 326 objects 
were used with magnitudes in the range 19.8 < ideV < 20.5. 
The solid (black) line is a estimation of w{d) given our redshift 
distribution and projecting using Limber's Formula, with the as- 
sociated ro and 7 jackknifcd values given in Table [5] 



by Medium-Band Observations (CQMBQ-17) surv ey (e.g. 
I Wolf et al.ll2003l : lBell et"aLll2004l : |Phleps et al.1^00^ . As can 

be seen, the 43 common photometric and spectroscopic red- 
shifts match extremely well for the objects for which we have 
secure redshifts (Qop > 3). There seems to be a slight trend 
for the photometric redshifts to underestimate the spectro- 
scopic redshift. Why this is the case is not well understood. 
Excluding 5 "catastrophic failures", where |Az| > 0.2, the 
average offset between the COMBO-17 photometric and 
AAOmega spectroscopic redshifts is Ajz = 0.026 ± 0.005, in 
the sense that COMBO-17 redshifts are too small. There are 
3 spectroscopically confirmed stars that COMBO-17 classi- 
fied as redshift z ~ 0.7 galaxies. 

We also compare the spectroscopic redshifts measured 
by AAOmega with those obtained in the 2SLAQ LRG Sur- 
vey. We find, for the Qop > 3 LRGs common in both, the 
mean Az = 8.4 x 10~^ with the spread on the difference 
in redshifts being 1.24 x 10"'^ i.e. 370 km s~^. If the error 
is split evenly between the two surveys, then the error on 
AAOmega LRG redshifts is ±370/\/2 = ±260 km s"\ 



4 LRG CLUSTERING RESULTS 

4.1 AAOmega LRG Angular Correlation 
Function, wiO) 

Using the procedure described bv lRoss et al.l ()2007h . the pro- 
jected angular correlation function, wiO), for the AAOmega 
LRG Pilot Survey is presented in Figure [S] The solid (blue) 
triangles are for the measurements made utilising the "Input 
Catalogue" from which objects were selected as potential 
high-redshift LRG candidates. Approximately 2 300 objects 
were used in this measurement from 6 fields that were ob- 
served by the 2SLAQ Survey, each tt deg^ in area. All these 
objects were potential targets having passed the riz-cuts 
discussed above. Field centres of the 6 fields are given in 
Table |4] It should also be noted that the star-galaxy separa- 



2SLAQ c05 
" c07 
" d07 
" eOl 
" e03 
" c07 



12h 38m 18s 
12h 47m 54s 
13h 31m 12s 
14h 34m 00s 
14h 42m 48s 
12h 47m 54s 



-00 12 35 
-00 12 35 
-00 12 35 
-00 12 35 
-00 12 35 
-00 12 35 



Table 4. Details of the 2dF fields that were used for the w{9) 
measurements. Note, d05 was also used and details of this field 
are given in Table 1. All 6 fields were observed by the 2SLAQ 
Survey. 







2SLAQ LRG 


AAOmega LRG 




h'^ Mpc 


5.47±0.40 


5.0±0.34 


7ss 




2.16±0.07 


2.28±0.04 


»'0,ls/ 


Mpc 


8.0±0.8 


10.2±0.7 


71s 




1.67±0.07 


1.58±0.09 



Table 5. The values of rp and 7 for the 2SLAQ LRG Survey and 
AAOmega LRGs. Note that Tf, = 1.5 h''^ Mpc for the 2SLAQ 
LRGs, while rj, = 1.0 h~'^ Mpc for AAOmega LRGs. Also note 
that due to improved implementation of Limber's formula and 
more accurate binning, the values given here for ro and 7 for 
the 2SL AQ LRG Su r vey fr om Limber's Formula, supersede those 
given bv lRoss etahl ||2007|) . 



tion discussed above was applied to this input sample. The 
error bars associated with the AAO mega LRG w{9) mea- 
surement are field-to-field errors (see lRoss et al.l [20071 ) and 
do not take into account the fact that the clustering mea- 
surements are correlated and therefore, the errors on these 
points should only be regarded as indicative. When we come 
to calculate the errors on the fitted power-law parameters, 
defined in equation [T] we perform a jackknife analysis on 
our measurements in the attempt to take into account these 
covariances. This involves removing one field at a time from 
our sample and recomputing and refitting the angular cor- 
relation function, weighting by the number of DR pairs. As 
such, we present these jackknife errors for our measurements 
in Table \E\ 

A single power-law, of the form 



ar) - ( - 



(7) 



where ro is the correlation length and 7 the power-law slope, 
has traditionally been fitted for the 3-D correlation function 
for galaxies, ^, and from which the relation, 



w{e) ^ Ae^ 



(8) 



where A is amplitude, can be derived for the angular cor- 
relation f unction (e.g. Peeb les, 1980). However, as was also 
found bv iRoss et all l|2007l ) for the 2SLAQ LRG w{9), here 
we find that a double power-law model is required to fit the 
present meas urement. Following t hat work, we use Limber's 
Formula (see lPhillipps etahll 19781 ) to relate the 3-D correla- 
tion function to the our measured w(6'). A double power- law 
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of the form 



(r/ro,ss)' 
(j"/ro,is)~ 



r- < r-b 
r > rh 



and 



(9) 



where 'ss' and 'Is' stand for small scales and large scales 
respectively, is assumed and calculated from Limber's for- 
mula. The calculated values for ro and 7 are given in Ta- 
ble [5l where we fit over the range 0.1' < 9 < 40.0' and 
note that n = 1.5 h'^ Mpc for the 2SLAQ LRGs, while 
rt, = 1.0 Mpc for AAOmega LRGs. We also note that 
due to improved implementation of Limber's formula and 
more accurate binning, the values given here for ro and 7 
for the 2SLAQ LRG Surve y from Lim ber's Formula, super- 
sede those given bv ,Ross etal] l|2007l '). 

Prom Table O we can see that the w{6) measurement 
for the AAOmega high-redshift data is comparable to the 
z — 0.55 data from the 2SLAQ LRG survey. At small 
scales, the observed AAOmega w{9) slope is nearly equal 
to the 2SLAQ LRG measurement, while at large-scales, the 
AAOmega slope is slightly shallower than the 2SLAQ LRGs: 
7 = 1.58 ± 0.09 for AAOmega compared to 7 = 1.67 ± 0.07 
for 2SLAQ. However, given the associated errors, the two 
measurements are in very good agreement. We leave fur- 
ther analysis of the angular correlation function as reported 
here to Sawangwit et al. (2008, in prep.) who shall investi- 
gate the evidence for a double power-law feature in a much 
larger LRG sample. 

Given the AAOmega LRG Pilot N{z) (Pigure [3| and 
using Limber's Pormula, the AAOmega w{6) amplitude is 
expected to be 13% lower than the 2SLAQ LRG ampli- 
tude if there is no clustering evolution in comoving coor- 
dinates. Thus, in terms of the overall amplitude, this rein- 
forces the impression given in Table 5 that AAOmega LRGs 
have a large-scale amplitude which is at least as high as the 
2SLAQ LRGs. This finding is further backed up by mea- 
surements of the projected correlation function, Wp{a). We 
do not present our Wp{a) results here, but note that our 
best fitting (single) power-law to this data has an amplitude 
ro = 9.0 ± 0.9 h-^ Mpc and slope 7 = 1.73 ± 0.08 over the 
scales 1.0 < a/ Mpc < 40.0 (where a is the separation 
across the line-of-sight). 

4.2 Redshift-space Correlation Function, ^(s) 

Using the spectroscopic redshift data we obtained in 
the COSMOS, Sll and d05 fields we now calcu- 
late the 3-D redshift-space correlation function, ^(s). 
We use the m i nimum variance estimator suggested by 
iLandv fc Szal av (1993) (proven to be an optimum estimator 
bv lKerscher et al. {J2000)) where 



1 + 



Nrd 

N 



DD{s) 
RR{s) 



Nrd 

N 



DRjs) 
RR{s) 



(10) 



and DD, DR and RR are the number of data-data, data- 
random and random-random pairs at separation s respec- 
tively. We use bin widths of 5\og{s/ Mpc)=0.2 and 
the number density of random points was 20 x that of the 
LRGs. 

The random catalogue was made taking into account 
the angular incompleteness and the radial distribution of 
the objects in this Pilot. Por each 2dP field we constructed 
a "quadrant buUseye" angular mask which consisted of 5 
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Figure 7. The AAOmega LRG Pilot Redshift-Space Correlation 
Function The (blue) triangles are the measurements from 

the riz-selected 19.8 < «deV < 20.5 sample, which yielded 335 
Qop > 3 LRGs and the associated "Field-to-Field" errors. The 
dashed (red) line is the r edshift-space cor relation function from 
the 2SLAQ LRG Survey (jRosset^HQoS) • 



concentric rings divided into 4 quadrants. Using both the 
input catalogue and the 2dP instrument configuration po- 
sitions, a completeness map was made in each of the 20 
sectors. These completenesses then went into mimicking the 
angular selection function, from which a random catalogue 
was generated. Corrections for fibre collisions on small, < 30 
arcseconds, scales were made by taking the ratio of the in- 
put catalogue w (d) to the o bserved redshift catalogue 1^(8), 
as described bv I Ross et al.l |2007,1 . The radial distribution 
was described by a high-order polynomial fit (shown as the 
red curve in Pigure 3) to the AAOmega N{z) for the 335 
19.8 < i < 20.5 selected LRGs given in Pigure 3. We also 
note that for ease of modelling, we truncate the polynomial 
fit (and thus the random radial distribution) at redshifts of 
z < 0.50 and z > 0.90. 

Pigure [7] shows our estimate of the 3-D redshift-space 
correlation function, ^(s). Again, our error estimates are 
based on "field-to-field" errors. Por (,{s), we use a double 
power-law model of the form given in equation |9l moti- 
vated by the fact that we expect the small-scale correla- 
tion function to be smoothed bt the effect of velocity dis- 
persion (or "Pingers-of-God") whereas at larger scales we 
expect the correlation function simply to be boosted due 
to infall, characterised by the parameter f3 — Q^'^/b. We 
adopt the same procedure as for ■w{0) and do a jackknife 
error analysis in order to estimate the errorbars on the 
best-fit double power-law model parameters. We find that, 
so,ss = 16.5 ± 4.0 h-^ Mpc with -y^s = 1.09 ± 0.28 on scales 
s < 4.5 Mpc and so,is = 9.9 ± 0.7 h'^ Mpc with 

7is = 1.83 ± 0.35 on scales s > 4.5 h~'^ Mpc. The cluster- 
ing strength for the 19.8 < i < 20.5, riz-selected AAOmega 
LRGs is again very comparable to the 2SLAQ LRG Survey, 
where s^s = 17.3^2:0 ^pc and 7ss = 1.03 ± 0.07 on 

scales s < 4.5 /i"^ Mpc and sis = 9.40 ±0.19 /i"^ Mpc and 
7is = 2.02 ± 0.07 on scal es s > 4 5 Mpc. 

Using the model of iKaiserl (|l987l ). we can find the pa- 
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Survey mean rcdshift n/h^Mpc ^ Luminosity h ^ Mpc 7 Reference 



AAOmega riz LRG 


0.68 


~ 2 X 10-"' 


>2L* 


''o 
''o 
so 


=10.2±0.7 

=9.0±0.9 

=9.9±0.7 


1.58±0.09 
1.73±0.08 
1.83±0.35 


1 
2 

3 




2SLAQ LRG 


0.55 


~ 2 X 10""' 


>2L* 


so 


=9.40±0.19 


1.98±0.07 


4, 


5 










ro 


=7.45±0.35 


1.72±0.06 


4, 


5 


SDSS LRG 


0.28 


9.7 X 10-5 


> 3L* 


so 
ro 


=11.85±0.23 
=9.80±0.20 


1.91±0.07 
1.94±0.02 


6 
6 




MegaZ-LRG 


0.63 


5.6 X 10-5 


>3L* 


ro 


=9.3±0.3 


1.94±0.02 


7 




COMBO-17 


0.6 


4 X IQ-^ 


~ L* 


ro 


-5 og + 0.30 


1.94±0.03 


8 




NDWFS 


~0.7 


Ri 1 X IQ--' 


> 1.6L* 


ro 


=6.4±1.5 


2.09±0.02 


9, 


10 



Table 6. Values of so and ro from the VST-AAH ATLAS LRG Pilot using the w{0) measurement, the fit to Wp{cr) and the ^(s) 
calculation with s > 4.5 h-^ Mpc. Values from the SDSS LRG Survey (-23.2 < Mg < -21.2), the 2SLAQ LRG Survey MegaZ-LRG 
and the NDWFS are also given. Note that due to redshift-space distortions and other non-linear effects, ro will usually be smaller than 
so. (1) this work, from w{e); (2) this work, from Wp{<T); (3) this work, from ^(s); (4) Ross et al. (2007); (5) Wake et al. (2006); (6) 
IZehavi et all ll2005h ; (7) Blake et al. (2007); (8) Phleps et al. (2006); (9) White et al. (2007); (10) Brown et al. (2008). 



rameter /3 via 

as) = ar){i + lp+lp'y (11) 

We use our power-law fit for ^(r) and our large-scale power- 
law fit to ^(s) and find that the ratio ^(s)/5(r) — 1.3 ± 0.3 
corresponding to a value of /? ~ 0.4 at a scale of 8 Mpc. 
This is not inconsistent with the value j3 = 0.45 ±0.05 found 
for the 2SLAQ LRGs, though clearly the errorbar is large. 
Nevertheless, for a reasonable value of /3, our values of sq = 
9.9 ± 0.7 h-^ Mpc and ro = 9.0 ± 0.9 Mpc appear 

consistent. These high clustering amplitudes clearly suggest 
that at « ~ 0.7, LRGs remain very strongly clustered. 



5 DISCUSSION 

5.1 Clustering amplitudes and bias of LRGs at 

2 ~ 0.7 

Now that we have calculated the AAOmega LRG angular, 
projected, and 3-D redshift-space correlation functions we 
can use these measurements to infer the physical properties 
of LRGs. Before proceeding to determine typical LRG halo 
masses using simple 'halo occupation' models, we first com- 
pare the clustering amplitudes and biases of the AAOmega 
LRGs with other LRG results, taking into account the dif- 
ferent redshift and luminosity ranges. For reference, a sum- 
mary of results of space densities, luminosity limits and clus- 
tering amplitudes from the AAOmega LRG, 2SLAQ LRG, 
SDSS LRG, MegaZ-LRG, COMBO-17 and NDWFS surveys, 
is given in Table 6. We note, however, that direct compar- 
isons between clustering results from surveys with different 
e.g. magnitude and colour selections can be complex. 

We have found that a 2-power law fit is consistent with 
AAOmega w{9) data. The slopes of the AAOmega power- 
law fits are both less than those for the 2SLAQ LRG Survey 
||Ross et al.ll2007l ). This could be due to evolution with red- 
shift but the errors on the AAOmega w{0) are too large for 
this difference to be significant. Certainly the large scale re- 
sults from ^(s) are perfectly consistent with the two surveys 
having the same large-scale slope and amplitude (see Fig.!?}. 

We further note that from both the fitting of Lim- 
ber's formula to w{0) and describing Wp{a) with a simple 



power-law, we find the real-space clustering amplitude of 
AAOmega LRGs is consistent with that from the SDSS LRG 
Survey ( Zchavi et al. 2005), though our errors are large. Us- 
ing our ro estimate from Wp{a), (which has the smaller er- 
ror and more closely matched power-law slope), we note 
that AAOmega LRGs have a slightly lower clustering am- 
plitude than SDSS LRGs, ro = 9.0 ± 0.9 h'^ Mpc versus 
ro = 9.80 ±0.20 h^^ Mpc respectively. However, this is not 
surprising since SDSS LRGs have a redder colour selection 
and higher luminosity, and this may explain their higher 
clustering amplitude. 

To calculate the value of the linear bias, fe, for the 
AAOmega LRGs, we use the integrated co rrelation function 
ICroom et al.ll2005l : IdTAngela et al.ll2008l ). 

^2o{r) ^ n^^irydr (12) 

^max J 

where we set rmax = 20 Mpc since this is a large 

enough scale for linear theory to apply and also, due to the 
r^ weighting, small-scale redshift-space distortions should be 
negligible. We first calculate the integrated mass correlation 
function u sing the as = 0.84 normalised ACDM model for 
P{k) from ISniith et all l|2003l ) with n,-n{z = 0) = 0.27. We 
find = 0.12 at the 2SLAQ LRG mean redshift z = 0.55 
and ^So"""^ = 0.11 at the AAOmega LRG mean redshift z ~ 
0.70. 

We then calculate the integrated galaxy correlation 
function assuming ro = 7.45 ± 0.35 Mp c and hold 

7 fixed at 1.72 for the 2SLAQ LRGs IRoss et al.l (|2007l ) and 
ro = 9.03±0.93 /i"^ Mpc, 7 = 1.73 for AAOmega LRGs. We 
find that &2Slaq = 1.90 ± 0.08 and feAAOmoga = 2.35 ± 0.22, 
where b = (C2o/Cmass.2o)^''^- The value of b2SLA Q, = 1-90 ± 
0.08 is higher, but consistent with that found by I Ross et al.l 
(2007), who found 62SLAQ ~ 1.66 ± 0.35, from z-space dis- 
tortion analysis, and we suggest the error presented here 
may be an underestimate since 7 is being held at a fixed 
value. The value of feAAOmoga = 2.35 ± 0.22 is higher than 
for the 2SLAQ LRGs, but the large error on the AAOmega 
result means there may be no inconsistency here. However, 
our value of fcAAOmega = 2.35 ±0.22 is even higher than that 
reported for the S DSS LRGs at lower redshi fts, who report 
values of & ~ 1.8 l|Padmanabhan et al.ll2007l ). Although an 
increase in bias is expected due to the higher redshift of 
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the AAOmega sample, the effect is larger than predicted es- 
pecially taking into account the bluer AAOmega selection. 
But again the large error on bAAOmoga renders this difference 
statistically insignificant. 

To see what sort of consistency with 2SLAQ might be 
expected, we can predict the value of b at redshift z = 0.7 by 
utilising the values measured by 2SLAQ at lower redshift, 
b{z = 0. 55) = 1.6 6 ± 0.35, and the bias ev olution model 
given by IE3 (ll996D : ICroom fc Shanks! (|l996l ). 



b{z) = 1 + [6(0) - l]G(nm(0), QAiO), ; 



(13) 



Here, G(^lnAO),^A(0 ), z) is the linear growth rate of 
the d ensity perturbations l|PeebleElll980l . 1 1984 ICarroU et al] 
1 19921 ). There are many ot her bias models, but here we are fol- 
lowing |RossIe£|al] l|2007l . and references therein) by making 
the simple assumptions that galaxies formed at early times 
and their subsequent clustering is governed purely by their 
discrete motion within the gravitational potential produced 
by the matter density perturbations. This model would be 
appropriate, for example, in a "high-peaks" biasing scenario 
where early-type galaxies formed at a single redshift and 
their co-moving space density then remained constant to 
the present day. 

Thus, assuming a growth rate of G(0.3, 0.7, 2), to re- 
late ^mm(2 ~ 0.55) to ^mm(z ~ 0.7), we therefore expect 
5gg(z = 0.7) = 0.94 ^gg(2 = 0.55) from this model. From Ta- 
ble 6 the ro values between 2SLAQ and AAOmega LRGs are 
consistent, although the errors on the AAOmega ro measure- 
ment are big. But the errors on ^(s) are smaller, and even 
here, the so values agree to within the errors (see also Fig- 
ure[7|. The consistency of the clustering results is expected, 
since the 0.7 magnitudes deeper 19.8 < idev < 20.5 selec- 
tion was based on experience from the 2SLAQ LRG Survey 
and primarily designed to select similarly highly-biased red 
galaxies at redshift z ~ 0.7. We conclude that the LRG cor- 
relation function amplitudes are similar at redshifts z ~ 0.55 
and 2: ~ 0.7 and that there is still no inconsistency with the 
simple bias model where the comoving density of LRGs are 
assumed to be constant with redshift. 

5.2 Predictions of halo occupation models 

An alternative approach to interpreting our measured level 
of clustering is to use the halo occupation model, in which 
the galaxy field is taken to be a superposition of contribu- 
tions from dark-matter haloes, weighted by the number of 
galaxies per halo, N{M). This methodology is commonly ref- 
fered to as a 'halo occupa tion distribut i on', o r HOD, model 
and was used recently bv lPhleps et al.l (|2006l ) to model the 
projected correlations in the COMBO-17 survey. We apply 
exactly the same method as described in that paper to model 
our AAOmega data, specifically for our 'Wp{a) measurement. 
Again we adopt a standard matter power spectrum, with 

= 0.3, Qt = 0.045, h = 0.73, erg = 0.85, and a scalar 
spectral index of 0.97. The occupation model is the sim- 
plest possible: N(M) = (M/M^in)" for M > Mmin. These 
two free parameters are reduced to one if the model is also 
required to match the number density of LRGs, which is 
approximately 0.0002 Mpc"^. 

Realistic occupation models will be more complicated 
than this simple power-law form, but Phleps et al. argue that 
the results can be expressed quite robustly in terms of an 



effective halo mass - i.e. the average halo mass weighted by 
the number of galaxies. For our current data, the occupation 
parameters that best match the clustering measurements are 
Q ~ 0.7 and Mmin — 2x10^^ Mq. These imply an average 
halo mass for the AAOmega LRGs at z ~ 0.7 of A/cff — 
7 X lO^'^^~^Af0. Reasonably enough for particularly rare 
and luminous galaxies such as those studied here, this mass 
is somewhat larger than the figure found by Phleps et al. 
for the COMBO-17 red-sequence galaxies at z ~ 0.6, which 
was using the same methodology. 

Our AAOmega figure for Afoff is in fact almost identical to 
the average mass deduced for z — red-sequence galaxies in 
SDSS. Of course, this coincidence does not imply any direct 
correspondence between these populations: the haloes that 
host our z ~ 0.7 LRGs may have become much more massive 
by t he present. 

iBlake et al.1 l|2007h calculate the LRG angular corre- 
lation function using the "MegaZ-LRG" galaxy database, 
which is a large photometric-redshift catalogue of lumi- 
nous red galaxies ex tracted from the SDSS imaging data 
(|Collister et al.|[2007l ). They then successfully model the ob- 
servations using a HOD model with a "central" galaxy con- 
tribution and a "satellite" galaxy component. Noting that 
comparison of results are strongly dependent on the overall 
normalization of the power spectrum, as, we compare our 
effective mass value for the AAOmega LRGs at z ~ 0.7 of 
Afoff ~ 7 X lO ^fe'^Afp (as = .85) to that of the highest 
redshift bin bv lBlake et all (jioOTi) of 0.6 < z < 0.65 and find 
their Afcff = 9.5 ±0.7 x lO^ft-^AfQ (ag = 0.8) to be ~ 30% 
larger than our effective mass estimate. However, after fur- 
ther analysis these authors have revised their Mctt estimates 
(C. Blake priv. comm) and we await comparisons to their 
new results. 

IWhite et al] (|2007l ) and iBrown et all l|2008l) have used 
data from the 9 deg^ Bootes field, which has been im- 
aged in the optical and infrared a s part of the NOAO 
Deep Wide Field Survey (NDWFS; Ijannuzi fc p'^ Il999l : 
iBrown et al]|2008l). aiid by t h e Spitzer IRAQ Sha llow Sur- 
vey (lEisenhardt et all l200i ). IWhite et all (|2007l ) use the 
clustering of luminous red galaxies from these observations 
(and Af-body simulations) to argue that about i of the 
most luminous satellite galaxies appear to undergo merg- 
ing or d isruption within m assive halos between z ~ 0.9 
and 0.5. H rown et"al] l|2008l ) report a correlation length of 
ro — 6.4±1.5 Mpc for their brightest red galaxy sample, 
Mb — 5\ogh < —21.0 (corresponding to L > 1.6L* galax- 
ies), across the redshift range 0.6 < z < 0.8. These authors 
also calculate the bias for this sample to be b = 2.15 ± 0.08. 
Thus, although the NDWFS LRGs and AAOmega LRGs 
have different selections (e.g. different magnitude and red- 
shift limits), evidence from both surveys suggest that red- 
shift z = 0.7 LRGs are highly-biased objects and thus ex- 
tremely well-suited to LSS studies. 



5.3 LRGs versus ELGs 

One of the key questions that the AAOmega LRG Pilot Sur- 
vey wanted to address, was whether a "blue" or a "red" 
galaxy survey be the more advantageous when pursuing 
BAOs at high redshift. In the previous sections, we have 
presented the N{z) and clustering amplitudes for z = 0.68 
Luminous Red Galaxies. As such, our 'Pilot' observations 
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Scale 


ELG 


LRG 


\4ff LRG / Veff ELG 




P/h-3Mpc3 V<,ff//i-3Gpc3 


P/h-3Mpc3 l/ff//i-3Gpc3 


167/123 nts. Equal no. nts. 


0.02 


6.7x10" 1.1 


1 X 10^ 1.9 


1.7 1.3 


0.05 


2.7x10* 0.82 


4 X 10* 1.4 


1.7 1.3 


0.15 


6.7x10* 0.42 


1 X 10* 0.61 


1.5 1.1 



Table 7. A comparison between the effective volumes probed by two AAOmega-based BAO Surveys, one using Luminous Red Galaxies 
(LRGs) and one using Emission Line Galaxies (ELGs). We assume a factor of 1.5 between the clustering amplitudes of LRGs and ELGs. 
The second last column is an effective volume ratio for 360 000 LRGs over 3000 deg2 with 70-90% completeness (1.5hr exposures per 
field) versus 400 000 ELGs over 1000 deg^ (Ihr exposure) with 80% completeness both assuming 9hr nights. This gives a total observing 
requirement of 167 nights for LRGs and 123 nights for ELGs, implying the effective volume ratios given in the sixth column. The last 
column is the effective volume ratio assuming the same number of nights for both projects. 



suggest, a VST-AAJl ATLAS spectroscopic redshift survey 
strategy to pursue BAOs with AAOmega LRGs might con- 
sist of ~1.5 hour exposures with 

• ~ 100 fibres placed on yri-selected i < 19.8 LRGs with 
z ~ 0.55 and 

• ~ 260 fibres placed on riz-selected 19.8 < i < 20.5 
LRGs with z ~ 0.7 

in order to obtain 360 000 LRGs over SOOOdeg^ which will 
give an ~ 4x bigger effective volume than the original SDSS 
LRG Survey of 45,000 LRGs tEisenstein et al. 2005} ). We 
shall compare this strategy, with an alternate "Emission 
Line Galaxy" (ELG) survey, in the remainder of this sec- 
tioUj 

iGlazebrook et al. I (2007) select "blue" emission line 
galaxies (ELGs) using SDSS and GALEX F ar ultra-violet 
(FUy ) and Near ultra-violet (NUV) imaging (|Martin et all 
120051 '). for the WiggleZ B AG Dark Energy Survey. By us- 
ing the reported N{z) in IGlazebrook et ah! (|2007l . Figure 
2) which has an average redshift of z ~ 0.6 ± 0.2 as 
well as their estimate of the clustering amplitude, we can 
make a comparison with our data. The clusterin g ampli- 
tude reported initially by IGlazebrook et al] (|2007l ) is so = 
3.81 ± 0.20 /i"^ Mpc (their Figure 3). However, it has re- 
cently been suggested that an improved GALEX ELG Se- 
lection for WiggleZ may give a higher ELG clustering am- 
plitude of ro « 6 Mpc (C. Blake priv. comm.) leading 
to So ~ 9 Mpc assuming j3{z ~ 0.7) = 0.8 and applying 
equation 11. We use this higher value, along with the appro- 
priate redshift distributions for ELGs (truncated at redshift 
z < 0.5 due to the WiggleZ Survey plans to focus on 2 > 0.5 
galaxies only) and LRGs (from our Fig. [3| and assuming 
that bias is scale independent. 

We can calculate th e effective volume surveyed using 
(e.g. iTegmark et"al]|2006l ): 



dV. 



(14) 



where n(r) is the comoving number density of the sam- 
ple, (in units of Mpc""^) and Pg{k) is the value of the 
galaxy Power Spectrum at wavenumber k (with units of h 
Mpc"^). For the LRG Survey we assume ^360 000 redshifts 
are required with 100 fibres targeted on i < 19.8, redshift 
z ~ 0.55 2SLAQ LRGs with 90% completeness, to account 
for 5% redshift incompleteness and 5% stellar contamina- 
tion, and 260 fibres on 19.8 < i < 20.5 z ~ 0.7 AAOmega 



LRGs with 70% completeness (15% redshift incompleteness 
and 15% stellar contamination). For the ELG Survey, we 
assume 360 fibres targeted on ELGs, as described above, 
with 80% redshift completeness. Therefore, we see that (i) 
a 167 night LRG survey would have « 1.7x the effective 
volume of a 123 night ELG survey as envisaged by Glaze- 
brook et al. and (ii) for equal telescope time, an LRG survey 
will sample « 1.3x the effective volume of an ELG Survey 
(see Table 6). The above resu l ts are approximately in line 
with those of IParkinson et all (|2007f ) who present "Figures 
of Merit" (FoM) calculations to judge the optimality of dif- 
ferent survey designs for future galaxy redshift-based BAO 
experiments. 



6 CONCLUSIONS 

We have reported on the AAOmega- AAT LRG Pilot observ- 
ing run to establish the feasibility of a large spectroscopic 
survey aimed at detecting BAO and present some of the first 
results from the new AAOmega instrument. We have con- 
firmed that AAOmega has a factor of approximately four in 
improved throughput in its red (> 5700A) arm as compared 
to the old 2dF spectrographs. Utilising this new sensitivity, 
we observed Luminous Red Galaxies (LRGs) selected using 
single epoch SDSS riz-photometry in 3 fields including the 
COSMOS field, the COMBO-17 Sll field and the previously 
observed 2SLAQ Survey field, d05. Our main conclusions 



• We detect 1270 objects in three fields, of which 587 are 
confirmed high-redshift LRGs. The mean redshift for each 
selection was z = 0.578 ± 0.006 from the gri-hand selection 
with 17.5 < idcv < 20.5, z = 0.681±0.005 from the Hz-band 
selection with 19.8 < idov < 20.5 and z = 0.698±0.015 from 
the riz-band selection with 19.5 < z < 20.2. At i < 20.5, 
84% redshift completeness for LRGs was achieved in 1.67hr 
exposures in reasonable conditions. 

• We have compared our AAOmega spectroscopic red- 
shifts to spectroscopic and photometric redshifts obtained 
by the 2SLAQ LRG Survey and COMBO-17 respectively. 
We find excellent agreement with the 2SLAQ spectroscopic 
redshifts, but a suggestion that there is a systematic ten- 
dency of the photometric redshifts to underestimate the 
spectroscopic redshifts by Az = 0.026 ± 0.005. 

• We find that a simple power-law model, for Wp{a), gives 
a best fit value of ro = 9.03 ± 0.93 for our z = 0.68 LRG 
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sample, compared to ro = 9.80 ± 0.20 for the —21.2 < 
Mr < -23.2 SDSS LRG sample and ro = 7.30 ± 0.34 
for the z — 0.55 2SLAQ LRG sample. This confirms that 
high-redshift luminous red galaxies are very good large-scale 
structure tracers, similar to their lower redshift counterpart s 
IZehavi et al.ll2005l : lEisenstein et al.ll2005l : IRoss et al.|[2007l ) . 

• We also find that, taking into account the large errors 
on the AAOmega LRG ro measurement, there is no incon- 
sistency with the simple bias model where the comoving 
density of LRGs are assumed to be constant with redshift. 

• Finally, this Pilot project shows that a large-scale 
AAOmega spectroscopic survey of highly biased z ~ 0.7 
360 000 LRGs over 3000deg^ , remains a very promising and 
competitive route in order to measure the baryon acoustic 
oscillations and use this scale-length to investigate the po- 
tential evolution of the equation of state parameter, w. 
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APPENDIX A: THE AAOMEGA LRG PILOT 
DATA 

In Tabic Al wo present properties of the first 40 objects from 
the AAOmega Pilot Catalogue in Right Ascension order. 
The full dataset is published in its entirety in the electronic 
edition of the Monthly Notices of the Royal Astronomical 
Society. 



Object. ID^ a S r-fibrc ^ X-cor'^ rcdshift Qop Field u g r i z Ucrr 9crr T-crr 



,1095618 


SO+021623 


2 


149 


07835 


2 


27312 


20 


14 


1 


6 


34 





6716 


3 


COB 


23 


6300 


23 


2400 


21 


7760 


20 


5030 


19 


8820 


1 


0310 





2800 





1210 





0730 





1770 


,1095634 


36 + 015804 


9 


149 


14317 


1 


96803 


19 


48 


1 


5 


51 





5510 


3 


COS 


22 


9990 


22 


0510 


20 


5420 


19 


4830 


18 


8840 





7910 





1420 





0600 





0410 





0910 


,1095637 


67+015254 


7 


149 


15698 


1 


88187 


20 


10 


1 


3 


47 





5686 


3 


COS 


24 


3040 


22 


6720 


21 


4140 


20 


2050 


19 


8920 


1 


2250 





1650 





0890 





0530 





1490 


,1095639 


34+021709 


2 


149 


16393 


2 


28590 


20 


27 


1 


4 


91 





5457 


3 


COS 


23 


4230 


23 


1880 


21 


2570 


20 


2020 


19 


4730 


1 


1030 





3510 





1080 





0720 





1670 


,1095647 


19 + 022325 


2 


149 


19666 


2 


39035 


19 


73 


1 


5 


57 





5357 


3 


COS 


25 


4570 


22 


6930 


20 


7560 


19 


7260 


19 


7420 


1 


4010 





2240 





0710 





0480 





2130 


,1095649 


24+021838 


6 


149 


20519 


2 


31073 


19 


10 


1 


5 


00 





4806 


3 


COS 


23 


1220 


21 


7150 


20 


0390 


19 


1010 


18 


6840 





8970 





0990 





0400 





0290 





0840 


,1095649 


42 + 023355 


3 


149 


20592 


2 


56537 


19 


93 


2 


3 


30 





9373 


1 


COS 


21 


5160 


26 


4460 


21 


3550 


19 


9320 


19 


3920 





5760 


1 


6790 





3160 





1550 





3360 


,1095649 


86 + 020743 


4 


149 


20776 


2 


12875 


20 


33 


2 


3 


06 





9444 


2 


COS 


22 


5640 


23 


1070 


21 


2320 


20 


3290 


19 


4470 





5350 





2970 





0920 





0670 





1380 


,1095654 


01 + 020225 





149 


22507 


2 


04028 


20 


41 


1 


6 


03 





6589 


3 


COS 


23 


1800 


23 


3520 


21 


9510 


20 


6320 


20 


0930 





6970 





2810 





1320 





0660 





1870 


,1095702 


89 + 024208 


9 


149 


2620S 


2 


70250 


19 


78 


1 


3 


49 





6792 


4 


COS 


22 


2880 


21 


7660 


20 


7220 


19 


7830 


19 


4340 





3290 





0900 





0620 





0470 





1110 


,1095702 


94+014853 


3 


149 


26228 


1 


81481 


20 


29 


1 


2 


98 





7001 


2 


COS 


24 


7150 


24 


6660 


22 


2380 


20 


9450 


20 


6940 


1 


5400 





8110 





2040 





1040 





3320 


,1095703 


84+015133 


8 


149 


26600 


1 


85940 


20 


48 


1 


3 


90 





6355 


3 


COS 


24 


8210 


22 


9440 


22 


1000 


20 


8850 


20 


5140 


1 


2970 





2120 





1840 





1030 





2660 


,1095705 


34+024238 


2 


149 


27227 


2 


71061 


20 


46 


3 


3 


27 





0225 


2 


COS 


23 


4330 


22 


8750 


22 


5620 


20 


7060 


20 


4770 


1 


0860 





3040 





4100 





1370 





3660 


,1095705 


95 + 021834 


5 


149 


27483 


2 


30959 


20 


14 


1 


3 


47 





8355 


2 


COS 


26 


6360 


24 


5210 


22 


0400 


20 


1440 


19 


9200 





8420 


1 


3890 





3450 





1050 





3750 


,1095707 


64+023955 


2 


149 


28184 


2 


66533 


19 


95 


3 


7 


88 





0010 


3 


COS 


24 


5950 


22 


7660 


21 


6200 


19 


9550 


19 


3470 


1 


5510 





2390 





1550 





0610 





1150 


,1095708 


35 + 014747 


4 


149 


28483 


1 


79652 


20 


16 


2 


2 


75 





9454 


2 


COS 


22 


0610 


22 


9460 


21 


9640 


20 


1640 


19 


5390 


1 


2060 


1 


0070 





6780 





2210 





5190 


,1095709 


77+020506 


6 


149 


29071 


2 


08519 


20 


35 


3 


4 


97 





0004 


3 


COS 


22 


9240 


22 


7870 


21 


4720 


20 


2040 


19 


7110 





6020 





1890 





0930 





0510 





1410 


,1095712 


04+015554 


2 


149 


30018 


1 


93172 


20 


01 


1 


3 


40 





4818 


3 


COS 


25 


9540 


22 


1380 


21 


0040 


20 


0080 


19 


8880 





7680 





1210 





0780 





0530 





1750 


J095712 


53 + 021202 


8 


149 


30223 


2 


20079 


20 


26 


1 


3 


43 





8407 


3 


COS 


22 


0080 


21 


9630 


21 


7840 


20 


5500 


20 


0970 





4650 





1580 





2190 





1200 





3680 


J095713 


39 + 015241 





149 


30579 


1 


87807 


19 


82 


1 


6 


31 





6434 


3 


COS 


24 


6310 


22 


6460 


20 


9660 


19 


8160 


19 


2770 


1 


5990 





2100 





0840 





0500 





1140 


J095713 


89 + 015210 


8 


149 


30789 


1 


86967 


20 


14 


3 


2 


44 





0449 


2 


COS 


22 


7680 


22 


4500 


21 


5830 


20 


1400 


19 


9110 


1 


0200 





3280 





2630 





1210 





3740 


,1095719 


14+020154 


6 


149 


32975 


2 


03184 


19 


85 


1 


3 


78 





555 3 


3 


COS 


23 


0910 


22 


6420 


20 


7870 


19 


8540 


19 


7550 





8480 





2100 





0660 





0470 





1960 


,1095724 


21 + 013159 


5 


149 


35090 


1 


53321 


19 


99 


1 


3 


06 





5992 


2 


COS 


22 


3180 


22 


9680 


21 


5120 


19 


9900 


19 


5990 


1 


1650 





7730 





3610 





1420 





3850 


,1095724 


98 + 022905 


3 


149 


35408 


2 


48483 


18 


66 


1 


5 


44 





4814 


3 


COS 


26 


7010 


21 


3450 


19 


5470 


18 


6610 


18 


2400 





7670 





1060 





0340 





0280 





0630 


,1095728 


41 + 014307 


4 


149 


36841 


1 


71873 


19 


39 


3 


3 


11 





0336 


1 


COS 


24 


3030 


22 


4020 


20 


5450 


19 


3900 


18 


9600 


2 


4410 





2450 





0740 





0430 





1180 


,1095728 


89 + 021721 


2 


149 


37040 


2 


28924 


20 


24 


3 


4 


21 





0008 


3 


COS 


25 


0320 


22 


8120 


21 


4660 


20 


2770 


19 


7580 


1 


1850 





1700 





0960 





0550 





1390 


J 095 731 


70+020327 


6 


149 


38210 


2 


05768 


20 


39 


2 


2 


74 





9269 


1 


COS 


23 


0820 


22 


8770 


22 


2150 


20 


3910 


19 


6020 


1 


0690 





3210 





2880 





0930 





2070 


J095733 


18 + 021546 


5 


149 


38826 


2 


26293 


20 


26 


1 


4 


90 





6974 


3 


COS 


26 


0990 


23 


2870 


21 


6230 


20 


4430 


19 


6990 





9610 





4190 





1720 





0980 





2120 


J095733 


33 + 013144 


5 


149 


38888 


1 


52905 


20 


33 


1 


2 


52 





6524 


2 


COS 


23 


9740 


23 


1710 


21 


3590 


20 


4520 


19 


5900 


1 


3940 





2940 





1030 





0690 





1170 


J095734 


28 + 025024 


9 


149 


39286 


2 


84025 


19 


90 


1 


6 


10 





5540 


3 


COS 


23 


4570 


22 


4010 


20 


8830 


19 


9010 


19 


0370 


1 


0000 





1950 





0840 





0620 





0940 


J095737 


86 + 014333 






































































J095741 


91 + 020033 


7 


149 


42466 


2 


00938 


19 


85 


1 


9 


80 





6901 


4 




22 


5380 


22 


3760 


20 


9850 


19 


6760 


19 


2900 





6310 





2390 





1160 





0600 





1570 


J095742 


07+025028 


4 


149 


42533 


2 


84123 


19 


88 


1 


6 


65 





5144 


3 




22 


4440 


22 


1470 


20 


7750 


19 


8810 


19 


5570 





3270 





1150 





0570 





0460 





1090 


J095742 


56 + 023452 


1 


149 


42734 


2 


58114 


19 


42 


1 


11 


34 





7019 






22 


5590 


22 


1410 


20 


7490 


19 


4190 


18 


7640 





6400 





1740 





0820 





0430 





0810 


J095742 


58 + 024432 


1 


149 


42745 


2 


74228 


20 


11 


3 


5 


51 





0008 


3 




22 


6610 


25 


3400 


21 


9470 


20 


1110 


19 


6740 





9930 


2 


2170 





4110 





1420 





3160 


,1095744 


56 + 023835 


8 


149 


43567 


2 


64330 


20 


07 


1 


6 


84 





7358 


3 




22 


8760 


23 


2550 


21 


5570 


20 


3540 


19 


5620 





6980 





3720 





1420 





0830 





1410 


,7095744 


60+012447 


1 


149 


43585 


1 


41309 


20 


11 


3 


3 


97 





0337 


1 




25 


3800 


22 


8650 


21 


7010 


20 


1050 


19 


7220 


3 


5850 





6350 





3840 





1410 





3750 


J095745 


96+014240 


1 


149 


44153 


1 


71115 


20 


13 


3 


3 


05 





0002 


1 




24 


3480 


22 


5120 


20 


7400 


19 


5390 


18 


7560 


3 


0220 





3360 





1120 





0590 





1220 


J095746 


79+030025 


7 


149 


44499 


3 


00716 


20 


08 


1 


3 


70 





7130 


3 


COS 


23 


1230 


23 


2530 


20 


6030 


19 


6350 


18 


8280 


2 


1560 





8570 





1320 





0920 





1670 


J095748 


08+025642 





149 


45035 


2 


94503 


19 


85 


3 


8 


03 





0001 


3 


COS 


23 


1270 


22 


3340 


21 


0780 


19 


4360 


18 


4770 





9510 





1660 





0920 





0350 





0540 



Table Al. The first 40 objects from the AAOmega Pilot Catalogue in RA order. The table for the full sample is available online only. '^Using the SDSS nomenclature, ^r-band SDSS 
Fibre Magnitude. ^Model galaxy template to fit observed spectra. A value of 1 signifies the "early-type" template provided the best-fit, a value of 2 is for a k + a Balmer absorption 
spectrum template and 3 indicates the M-star template. ''Cross-correlation co-efficient between the model and observed galaxy spectra. 



